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COURSE MATERIAL

= Introduction - Monroe Brothers Ltd
- Structure of the talk
= Principles of Refrigeration - Carnot efficiency
- Real Efficiency
- Costs
= Refrigeration Systems - Main components

- Cold Box operation

= Superconducting RF cavities - Cooling requirements
- Valve Box & transfer lines
- Control

= Qther Cooling Requirements - Cryocoolers
- Economics versus practicalities
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BACKGROUND

20 Years Experience

»Pollution control systems
»Superconducting magnets

»Closed loop helium systems

»Low loss cryogenic systems 10 mW
»Reaction cooling at 120 kW

»Nitrogen for breweries
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BACKGROUND

Cryogenics — A Range of Applications!

Without
liquid

nitrogen
With
liquid
nitrogen
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MONROE BROTHERS LTD

= Where is the other brother(s)?

= Founded in 1920 - Shipping . . .

o e
o T - i
e -
=

= Wound up in 1992 _ - s

= Restarted in 1996
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EXPECTATIONS?
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INTRODUCTION
= Introduction - Monroe Brothers Ltd
- Structure of the talk
= Principles of Refrigeration - Carnot efficiency
- Real Efficiency
- Costs
= Refrigeration Systems - Main components
- Cold Box operation
= Superconducting RF cavities - Cooling requirements
- Valve Box & transfer lines
- Control
= Other Cooling Requirements - Cryocoolers
- Economics versus practicalities
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OVERVIEW

Linde Kryotechnik AG

Cryomech PT410
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OBJECTIVE

Broad Outline of three methods to provide cooling at 4 K:

= Large Scale Helium Liquefiers / Refrigerators

= Cryocoolers

= Bulk cryogens

Select the best cooling method for a cryogenic process
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BULK CRYOGENS

= Low loss cryostats
Minimum heat load

= Simple

= Minimum capital expenditure
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HELIUM LIQUEFIERS

= Large capacity
= EXpensive
= Infrastructure

= Skilled operators

Image courtesy of Linde Kryotechnik Ag
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REFRIGERATION SYSTEMS

Helium Refrigeration Systems
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Data from the internet

Liquefaction duties factored to estimate the Refrigeration power
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CRYOCOOLERS

= Cooling powersupto 1.o Wat 4 K
40 Wat 45 K

= Enabling technology
HTSC leads

= Zero Loss - cryostats with zero boil-off

= Dry Systems - no inventory of cryogens

Cryomech PT410

Image from www,cryomech.com
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REFRIGERATION SYSTEMS

Helium Refrigeration Systems
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Data from the internet

Liquefaction duties factored to estimate the Refrigeration power

MEDSI Shanghai 301-3 Principles & Costs.ppt Page 8 of 38 Print date 14 Oct 2012

© Monroe Brothers Ltd 2012. Please do not reproduce without the permission of the author. Cryogenics for Synchrotrons



MONROE BROTHERS LTD
Cryogenics for Synchrotrons

>

Principles of Refrigeration MB / 12811

THEORETICAL PERFORMANCE

First Law When a system executes a cyclic process the algebraic sum of the
work transfers is equal to the algebraic sum of the heat transfers.

Second Law Itis impossible to construct a device that will operate in a cycle and
produce no effect except the raising of a weight and the exchange
of heat with a single reservoir.

Heat Engines

7////////////////////////4
é Hot Reservoir Ty, é

7,
Lo

A
Absolute temperature scale e W,
Measures of efficiency dc
s,
WR — qH — qC //Cold Reservoir T 2
é g
T,-Tc Ty Tg D
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THEORETICAL PERFORMANCE

Refrigerator or Heat Pump

7////////////////////////4
é Hot Reservoir T é

7,
2

OH
.
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REFRIGERATION AT 4 K

cop=9 = _Tc
R H _TC
cop=Jc - 43
Wg  300-4.3

coP =3 -0.015
W

1 W
=—R =67
COP q;
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Principles of Refrigeration

REFRIGERATION AT 4 K &
cop=de = _To
VVR H _TC
cop=dc 43
Wr 300-4.3

coP =3 -0.015
W

R
1 _We_ 67
COP q;
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S0 K
cop=Jdo - _To
We H Te
cop=Jdo - 50
W, ~ 300-80

cop = -0.376
W

R
1 _We_ 2.7
COP q;
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STROBRIDGE PLOT
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Strobridge 1969

Refrigeration for
Superconducting and
Cryogenic Systems

Credit to Martin Wilson
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REFRIGERATION SIZING

COPRe 4 = COPyeq % Percent of Carnot

107 =
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dc Tc AT ]
Real = x Percent of Carnot . lal e
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Cooling power 200 1 Sl AN
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H tT t 300 300 g’ R AIII! IR LI Illlll’ll |r|1|1[1| 1! BI
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ldeal Carnot | 0.0145 0.0145
Percent of Carnot 12% 2%
Compressor power 116 3.45 kW
Compressor power 570 3450 W per W refrigeration
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Strobridge 1969

Refrigeration for
Superconducting and
Cryogenic Systems

Credit to Martin Wilson
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COMPARISON 1969 TO 2009
100.0%

10.0%

Strobridge

Air Liquide, Helial Liquefier
Linde L series Liquefier
Linde L series Refrigerator
StirLIN

StirlAIR

Sumitomo GM

Sumitomo PT Single stage
Sumitomo PT Tw o stage
Sumitomo Stirling

Qdrive Accoustic
Cryomech GM

Cryomech PT Single stage
Cryomech PT Tw o stage

1.0%

Percent of Camot

QEPF+00OPDOOXCO

0.1% | :
1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06

Equivalent Refrigeration (Lowest temperature) Watts
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Percent of Camot

COMPARISON 1969 1O 2009
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HELIUM LIQUEFIERS ~ 100 WATTS
= ldeal versus the Practical
ldeal 1/ COP =70 Practical 1/ COP = 700

Factor of 7 to 15 times worse than theoretical

To obtain 1 W of cooling at 4.2 K requires
~ 0.3 to 0.7 kW of input power

— Basic laws of thermodynamics

- Temperature losses in the heat exchangers
- Heat load from ambient
- Fluid flow friction losses in the pipeline
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CRYOCOOLERS ~ 1 WATT
= |deal versus the Practical

ldeal 1/ COP =70 Practical 1/ COP =5000

Factor of 70 times worse than theoretical

To obtain 1 W of cooling at 4.2 K requires
~ 3 to 8 kW of input power

— Basic laws of thermodynamics

- Temperature losses in the heat exchangers
- Heat load from ambient

- Fluid flow friction losses in the pipeline

- “One size of compressor fits all”
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INSTALLED COSTS

Cryocooler Helium Refrigerator
1WtolbW 500 W
Equipment $40kto $ 65K $2Mto$4.0M
Operating costs $ 25 k pa $ 700 k pa
Specific Costs
- equipment $ 50 k per W $5kperW

Bulk Cryogens

- refrigeration $ 15 k pa per W $2kto$d4kpaperW $100kto$ 200 k pa per W

Specific Costs
- equipment $20kperl/hr
- liquefaction $ 0.50 to $ 2.00 per litre

Indicative figures for installed costs
Depends on marginal costing

MEDSI Shanghai 301-3 Principles & Costs.ppt Page 20 of 38
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BASIC PRINCIPLES

Compressor

Y +

[ Gas buffer )
Pressure > -

2to 15 bar A
Control \
Panel
High A _
pressure Y Warm helium
gas return
Liquefier
Cold Box
Hellum two phase flow Cold helium gas
- ¥ & return |4 return
\
[ g |
Helium dewar Cryogenic system
Images courtesy of Diamond Light Source Ltd
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TECHNOLOGIES SUPERCONDUCTIVITY

Superconducting RF Cavities

= Diamond Light Source Ltd
= Synchrotron engine room!
= Cooling Demand

100 W per cavity

plus
50 W distribution
Image courtesy of Diamond Light Source Ltd
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[ ARGE SCALE REFRIGERATION SYSTEMS

Large Scale Helium Refrigeration Systems

1400 -
1200 ~ T
1000 -
800 -

600 -

Refrigeration W

400 -

200 +

e <
—

Typical
synchrotron
applications

Cryocoolers i1
L70
Helial SL+
L140 -
Helial ML
L280 -
Helial LLA

Data from the internet

Liquefaction duties factored to estimate the Refrigeration power
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COsSTS Populate the table below with numbers
with the following words of caution.

Heat load
Evaporation rate

Bulk liquid helium

Cryocoolers
Electricity
Electricity

Maintenance
Total

Refrigerator
Electricity
Electricity

Maintenance

Total
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COSTS  populate the table below with numbers
with the following words of caution.

Heat load
Evaporation rate

Bulk liquid helium

Cryocoolers
Electricity
Electricity

Maintenance
Total

Refrigerator
Electricity
Electricity

Maintenance

Total

MEDSI Shanghai 301-3 Principles & Costs.ppt
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“People commonly use
statistics like a drunk

uses a lamp-post:
for support rather than

for illumination.”

Mark Twain
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COSTS |
Superconducting RF
Cavities
(3 Cavities)
Heat load 350 W
Evaporation rate
Bulk liquid helium $ 7.50 per litre
$ 30 million pa!

Cryocoolers
Electricity
Electricity

Maintenance

Total
Refrigerator $ 4 000 000 plus
Electricity 200 kW
Electricity $ 320 000 pa
Maintenance $ 80 000 pa
Total $ 400 000 pa
Refrigerator
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Low Loss NMR CRYOSTAT

Typical low loss
cryostat for NMR
spectroscopy

Image from the Internet

MEDSI Shanghai 301-3 Principles & Costs.ppt Page 27 of 38 Print date 14 Oct 2012

© Monroe Brothers Ltd 2012. Please do not reproduce without the permission of the author. Cryogenics for Synchrotrons



MONROE BROTHERS LTD

Cryogenics for Synchrotrons  Principles of Refrigeration MB / 12811

LOW LOSS N M R CRYOSTAT /—| 2 Helium vessel necks

5550000555500
5550000555500
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Working inventory of the
liquid helium reservoir
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LOW LOSS NMR CRYOSTAT 2 Helium vessel necks
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Low LOss NMR CRYOSTAT {2 Helum vessel necks
_ | _
!
! 3 Nitrogen reservoir
! B neck tubes
I
Gas Cooled Screen bore I
tube (Half height) ! \
! IWorking inventory of the
! liquid helium reservoir
I
Nitrogen Screen bore | !
tube (Full length) !
! Liquid nitrogen
! reservoir
I
i
!
! Horizontal support for the
: Helium Vessel and the Gas
Countercooling i Cooled Screen
i
!
: Horizontal support for the
i nitrogen vessel
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Low Loss NMR CRYOSTAT

Extreme design

15mW= 22 cc/hr
190 litres pa

1 year hold time

Large NMR magnet

200 cc/ hr
440 litres

3 months hold time

Image from the Internet
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COSTS
Superconducting RF Low Loss NMR Magnet Low Loss NMR Magnet
Cavities Small Large
(3 Cavities)
Heat load 350 W 15 mwW 150 mW
Evaporation rate 20 cc/ hr 200 cc/ hr
Bulk liquid helium $ 7.50 per litre $ 30 per litre $ 15 per litre
$ 30 million pa! $ 5000 pa $ 26 000 pa
Cryocoolers $ 25000 $ 45000
Electricity 4 KW 6.5 kW
Electricity $ 6 300 pa $ 10 300 pa
Maintenance $ 10 000 pa $ 13500 pa
Total $ 16 000 pa $ 24 000 pa
Refrigerator $ 4 000 000 plus
Electricity 200 kW
Electricity $ 320 000 pa
Maintenance $ 80 000 pa
Total $ 400 000 pa
Refrigerator Bulk Bulk / Cryocoolers

Noise - Reliability of Supply
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WIGGLER MAGNET

= Four two stage cryocoolers
2 radiation screens

Recondensing helium

> 3Wat4.2 K

Image courtesy of Diamond Light Source Ltd
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WIGGLER MAGNET

BIC FORWATION COMTANED TN TR DOCUMENT SROULD BE |

FTai5 svaiem
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POWER CORD

CP1010 COMPRESSOR PACKAGE
(WATER COOLED)
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MOTOR CORD
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MANUAL

USED FOR REFERENCE PURPOSES ONLY & ARE SUBJECT Ta
CHANGE WITHOUT FRIOR NOTIFICATION. ALSO, THIS DOCUMENT
IS COMSIDERED PROPRIETARY & THE SOLE PROPERTY OF
CRYOMECH, INC. & SHOULD MOT BE REPRODUCED IN ANY
MANNER WITHOUT PRIOR WEITTEN APFROVAL

(2) LOW NOISE HELIUM
FLEX LINES 17 ID
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AEROQUIP

PT415 COLD HEAD

TOOL KIT
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WIGGLER MAGNET

Cryocooler Design Principle:

Go for broke!

In other words if the heat
loads are greater than the
cryocooler cooling power
then remedial work is VERY
difficult.

The design has to minimise
the heat loads without
countercooling

Image courtesy of Diamond Light Source Ltd
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COSTS

Heat load
Evaporation rate

Bulk liquid helium

Cryocoolers
Electricity
Electricity

Maintenance
Total

Refrigerator
Electricity
Electricity

Maintenance

Total

Superconducting RF

Cavities
(3 Cavities)

350 W

$ 7.50 per litre
$ 30 million pa!

$ 4 000 000 plus
200 kW
$ 320 000 pa
$ 80 000 pa
$ 400 000 pa

Refrigerator

MEDSI Shanghai 301-3 Principles & Costs.ppt
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Low Loss NMR Magnet

Low Loss NMR Magnet

Small Large
15 mwW 150 mW
20cc/ hr 200 cc/ hr
$ 30 per litre $ 15 per litre
$ 5700 pa $ 26 000 pa
$ 30000 $ 50 000
4 kKW 6.5 kW
$ 6300 pa $ 10200 pa
$ 10 000 pa $ 13 500 pa
$ 16 000 pa $ 24 000 pa
Bulk Bulk / Cryocoolers

Noise - Reliability of Supply

Page 36 of 38

Wiggler Magnet

3w
4300cc/h
$ 7.50 per litre
$ 280 000 pa §
$ 180 000
26 kW
$ 41 000 pa
$ 46 000 pa

$ 90 000 pa
Transfer lines $ 200 000

$ 50 000 pa

Cryocoolers (Refrigerator)

Print date 14 Oct 2012

Cryogenics for Synchrotrons



MONROE BROTHERS LTD
Cryogenics for Synchrotrons

Principles of Refrigeration MB / 12811

COSTS

Equipment
Operating costs
Unit Costs
- equipment
- refrigeration
Unit Costs
- equipment
- liquefaction

Observations

Cryocooler
1Wto1l5W
$40kto $ 65k
$ 25 k pa

$ 50 k per W
$ 15 k pa per W

Convenient
Vibration

Helium Refrigerator
500 W
$2Mto$4 M
$ 700 Kk pa

$5kperW
$2kto$ 4 kpaperW

$ 20k perl/ hr
$ 0.50to $ 2.00 per litre

High Fixed Cost
Expertise
Infrastructure

Indicative figures for installed costs
Depends on marginal costing

MEDSI Shanghai 301-3 Principles & Costs.ppt
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Bulk Cryogens

$ 100 kto $ 200 k pa per W

$ 10 to $ 20 per litre

Simple
Low loss cryostats
(No inherent heating)

Print date 14 Oct 2012
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Finish
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INTRODUCTION
= Introduction - Monroe Brothers Ltd
- Structure of the talk
= Principles of Refrigeration - Carnot efficiency
- Real Efficiency
- Costs
= Refrigeration Systems - Main components

- Cold Box operation

= Superconducting RF cavities - Cooling requirements
- Valve Box & transfer lines
- Control

= Qther Cooling Requirements - Cryocoolers
- Economics versus practicalities
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HELIUM LIQUEFIERS

Diamond Light
Source Ltd
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BASIC PRINCIPLES

Compressor
v A
Prossure . ) [ Gas buffer
u ] ) \ 2to 15 bar A
Control
Panel
High 4 W hel
pressure | arm helium
gas return
Liquefier
Cold Box
Helium two phase flow Cold helium gas
& return |4 return
\
[ g |
Helium dewar Cryogenic system
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Percent of Camot

REFRIGERATION AT 4K ~ 100 W
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REFRIGERATION AT 4 K

Water 0il Pressure
cooling removol contro

Systenm panel o
S - T gen
Reduce inventory | supply
[
Compressor Increase inventory 4 ”
A A %
Gy
Compression
T o WATER
INLET
Turbine expansion
panders
y
Joule Thomson (]
WATER
.. OUTLET
Efficient heat exchangers |
Pressure
control
valve 4l
E w\ Joule Thonson
. ‘ expansion valve
vl Cog AT Senar-
return return\ 1Gas return
MEDSI Shanghai 302-2 Refrigeration at 4K.ppt Page 5 of 34 Print date 14 Oct 2012

© Monroe Brothers Ltd 2012. Please do not reproduce without the permission of the author.

Cryogenics for Synchrotrons



MONROE BROTHERS LTD 3
Cryogenics for Synchrotrons  Refrigeration Systems MB / 12811
REFRIGERATION AT 4 K

Water 0il Pressure
cooling removol contro

System panel

Reduce inventory
Compressar Increase inventory

A

Buffer Jo
(Buter)

Compression
Turbine expansion
Joule Thomson

Efficient heat exchangers

L

\
\W Coly! Liquid and gas to
552 égg [the heliun dewar -
return return\ 1Gas return

\
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REFRIGERATION AT 4 K

Waoter

il Pressure

cooling removol contro
System panel
Reduce inventory
Compressor Increase inventory

<:Bu?

Compression
Turbine expansion
Joule Thomson

Efficient heat exchangers
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REFRIGERATION AT 4 K

Water 0il Pressure
cooling removol contro

System panel

Reduce inventory

Compressor

Increase inventory

Buffer Jo
(Buter)

Compression
Turbine expansion
Joule Thomson

Efficient heat exchangers

Pressure
control
valve

Warm
Qas
return

MEDSI Shanghai 302-2 Refrigeration at 4K.ppt Page 8 of 34
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WATER
INLET

Turkine
expanders

Y
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WATER
OUTLET

|
Colg!
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return\
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}\ Joule Thomson
‘ expansion valve

Liquid and gas to
lthe helium dewar -
1Gas return
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REFRIGERATION AT4A K
SRR/ _

Reduce inventory

Increase inventory

Compressor
A A o]
| Gty
Compression
T < WATER
INLET
Turbine expansion
panders
Y
Joule Thomson (]
WATER
11 OUTLET
Efficient heat exchangers |
Pressure
control
valve 4i
E w\ Joule ThOMSOM
. ‘ expansion valve
vorn|  Gald e and e ke
return return\ 1Gas return
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REFRIGERATION AT 4 K

Water 0il Pressure
cooling removol contro

Systenm panel o
S - T gen
Reduce inventory | supply
[
Compressor Increase inventory 4 ”
A A %
Gy
Compression
T o WATER
INLET
Turbine expansion
panders
y
Joule Thomson (]
WATER
.. OUTLET
Efficient heat exchangers |
Pressure
control
valve 4l
E w\ Joule Thonson
. ‘ expansion valve
vl Cog AT Senar-
return return\ 1Gas return
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TURBINE EXPANSION

= Valve
Isenthalpic
Constant enthalpy

= ldeal Turbine
Isentropic
Constant entropy

MEDSI Shanghai 302-2 Refrigeration at 4K.ppt Page 11 of 34 Print date 14 Oct 2012
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TURBINE EXPANSION
E> Valve Turbine Expansion
Isenthalpic o
Constant enthalpy ol e o
= |ldeal Turbine 601 bt
|Sentr0piC X 500 2(50.0. b 6.0 bar A
Constant entropy £ wo [T s
E 30.0 - 35.8K
1.15 bar A
20.0 + 8.0
e
10:0° ° 17K
9.2K
0.0 T T , ‘ ‘ |
8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
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REFRIGERATION AT 4 K

= Turbine expansion
— Temperature drop from to 50.0 Kto 40.1 K 99K
— Temperature drop fromto 18.0 Kto 11.7K 6.3 K

Compared to a total drop from 300 Kto 4 K

MEDSI Shanghai 302-2 Refrigeration at 4K.ppt Page 13 of 34 Print date 14 Oct 2012
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REFRIGERATIONAT4 K
cooling fgemc%vot comtrtot
ane
ystem P —— Liquid
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Reduce inventory | “HPPY
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Conpressor Increase inventory ‘,
A j
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REFRIGERATION AT 4 K

= Turbine expansion
— Temperature drop from to 50.0 Kto 40.1 K 9.9 K
— Temperature drop fromto 18.0 Kto 11.7K 6.3 K

Compared to a total drop from 300 Kto 4 K

= Joule Thompson expansion
— High pressure gas at 13.8 bar A and 5 K
— Expansion to 1.3 bar A 4.5 K 63% liquid & 37% vapour

MEDSI Shanghai 302-2 Refrigeration at 4K.ppt Page 15 of 34 Print date 14 Oct 2012
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MONROE BROTHERS L.TD b ‘

REFRIGERATION AT 4 K

Pressure Enthalpy Chart

o)

= Joule =
Thompson ’
Expansion (-
< /
¢ [
> |
10 0 10 ;10 éo e;o
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© & 22 23 = S
S S 3x 1 7 7
Enthalpy kJ /kg
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REFRIGERATION AT 4 K

Pressure Enthalpy Chart
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REFRIGERATION AT 4 K

Pressure Enthalpy Chart

o)

= Joule
Thompson
Expansion

50K & 13.8 bar A
to
1.3 bar A (4.5 K)

Pressure bar A
—

\

37.2 % vapour& 0 ) }N\
62.8 % liquid
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\
\
\
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Enthalpy kJ /kg
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REFRIGERATIONAT4 K
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REFRIGERATION AT 4 K Notes
11

Pressure Enthalpy Chart

The impact of a
100 W heat
load on the
vapour return
line

o)

56 K& 14.0 bar A
to
1.3 bar A (4.5 K)

Pressure bar A
—

T 10 T \ T T ]
-10 0 10 7\ 40 50 60
\
46.9 % vapour& ;588 5 5 7 %
01 X — X
53.1 %llC]UId Enthalpy kJ/ kg
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REFRIGERATION & LIQUEFACTION

= Refrigeration - Gas returned cold Watts

= Liquefaction - Gas returned warmed Liquid litres per hour

Refrigeration W

40 — 70
Helial 2000
35 T 65 ”
£ 30 60 ©
600 - o 2
A 1 ©
500 - -§ 25 55 g;:
© ] € s}
400 - o} 20 50 o
2 )
o 157 T 45 £
300 - 2

- E
200 ~ 10+ 4+ 40 F

100 B 5* -+ 35

0 \ \ \ \ | 0 , , r r 30

0 30 60 90 120 150 0.00 1.00 2.00 3.00 4.00 5.00
Liquefaction |/ hr Liquefaction g/s
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PRESSURE CONTROL PANEL ... o feeeue

cooling removal contro
Systenm panel

«¥ Reduce inventory
PCV
Compressor «X Increase inventory
\

//BuFFer

Differential pressure control valve
Holds the HP line at 15 bar above the LP line

= Increase Inventory
Absolute pressure control valve
Holds the LP line at 1.05 bar by drawing gas from the buffer
tank

= Reduce Inventory
Absolute pressure control valve
Vents gas from the HP line when the LP line is high
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THIRD TURBINE |
Water 0l Pressure
coolng e harer
s> - T i en
Reduce inventory | supply
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Compressor Increase inventory ”
. A A %4-7
= Follow the lines of
oo
constant entropy
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1Gas return

Joule Thomson
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THIRD TURBINE
Pressure Enthalpy Chart
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Pressure Enthalpy Chart
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THIRD TURB]NE Water 0l Pressure
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expansion valve

Liquid and gas to
lthe helium dewar -
1Gas return
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Pressure Enthalpy Chart
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THIRD TURBINE

= JT Expansion

50K & 13.8 bar A
to
1.3 bar A (4.5 K)

Pressure Enthalpy Chart
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100.0 59\(\ o% «59%\ 1 9*
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62.8 % liquid
599 W

Pressure bar A

= Turbine + JT

Expansion I 5 j 2\ o e | w
\ \ \\
14.4 % vapour & |
85.6 % liquid | " ) |
816 W S R 3Ix 1 7 7
Enthalpy kJ / kg
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SENSITIVITIES

= Contamination

= Incorrect pressures on the turbines

= Low pressure or high temperature on the JT valve
= High pressure drop on the return gas line

= High temperature on the return gas
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COMPRESSOR

Compressor
Oil Removal System

Gas Management
Panel

Second Compressor

= Redundancy

= Maintenance
scheduling Diamond Light Source Ltd
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BUFFER TANK

= Either Small buffer regulate the LP / HP line pressures

= Or Large buffer regulate the LP / HP line pressures
plus hold the entire helium inventory

2000 liquid litres
2 bar Ato 15 bar A
115 m3

Diamond Light Source Ltd
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ADSORBERS
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=—= Liquid
@ > r Ntro{gen
/
Reduce inventory | SUPRY
X \ \
Compressor Increase inventory |
| |
tH 80 K Adsorb
A
A echl Sor er
S eche L .
(autrer oo Single or parallel
| WATER
| - WAILR
20 K Adsorber
ech3[. Tl Turbine .
: Normall I
MY ) P} B ormally single
ech4| | T
\
) echd
rek—— Ie WATER
echs OUTLET
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valve
Ly
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\ | expansion valve
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INTRODUCTION
= Introduction - Monroe Brothers Ltd
- Structure of the talk
= Principles of Refrigeration - Carnot efficiency
- Real Efficiency
- Costs
= Refrigeration Systems - Main components

- Cold Box operation

= Superconducting RF cavities - Cooling requirements
- Valve Box & transfer lines
- Control

= Qther Cooling Requirements - Cryocoolers
- Economics versus practicalities
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TECHNOLOGIES SUPERCONDUCTIVITY

Superconducting RF Cavities

= Diamond Light Source Ltd
= Synchrotron engine room!

= Superconducting
Vv
Resistive

Image courtesy of Diamond Light Source Ltd
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TECHNOLOGIES SUERCONDUCTIVITY

Superconducting RF Cavities

RF Cavities
= Diamond Light Source Ltd .
= Synchrotron engine room! 1E+10 -~ ~& *
‘n O Qo Padamsee
. 1E+09 - ® === -Int lati
= Superconducting ' Al
o 1E+08 -
Y fat © 1E+07
Resistive | ] Factor of 100 000
1E+06 - "N, X
1E+05 - L ERE
c-.e ,
O
1E+04 R
1 10 100 1000
Temperature K
Image courtesy of Diamond Light Source Ltd
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TECHNOLOGIES SUERCONDUCTIVITY
Superconducting RF Cavities
= Diamond Light Source Ltd ~ Room temperature
= Synchrotron engine room! e Megawétts RF or electrical power
= Superconducting ARt
Vv ‘
Resistive 4 K L|qU|d Helium Temperature (- 269 C)

~ 50 W of RF or Electrlcal Power

~ Hellum|llquefler at 25 kW of electrlcal
power '

. Qualltylmprovemenfs £

Image courtesy of Diamond Light Source Ltd
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TECHNOLOGIES SUERCONDUCTIVITY

Superconducting RF Cavities

= Diamond Light Source Ltd
= Synchrotron engine room!

= Superconducting
Vv
Resistive

100 W per cavity
plus
50 W distribution

Image courtesy of Diamond Light Source Ltd
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LARGE SCALE REFRIGERATION SYSTEMS

Large Scale Helium Refrigeration Systems

1400 -
1200 ~ T
1000 -
800 -

600 -

Refrigeration W

400 - ‘ ; 1 Typical
q synchrotron
200 - d applications

c:
=t

L70
Helial SL+
L140 -
Helial ML
L280 -
Helial LLA

Data from the internet

Cryocoolers i1

Liquefaction duties factored to estimate the Refrigeration power
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BASIC PRINCIPLES

Compressor
v A
Pressure — [ Gas buffer )
- ) 2to 15 bar A
Control \
Panel
High A .
pressure | Warm helium
gas return
Liquefier
Cold Box
Helium two phase flow Cold helium gas return
: & return |4 -
\ >
Liquid helium
flow
Helium dewar Cryogenic system
Images courtesy of Diamond Light Source Ltd
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PROCESS CONTROL
Compressor
P - Gas buffer
é‘;ﬁfgf - \_ 2to15barA
Panel
! t Low pressure Warm helium gas return
1.05 bar A
Liquefier Manual or control X
Cold Box
Diarmond Light Source Ltd Pressure Cold helium gas return
) control -
Heater Level control Liquid helium
flow
Helium dewar Cryogenic system
% 1.35 bar A Valve box 1.25 bar A
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PROCESS CONTROL

Compressor
v A
Pressure — [ Gas buffer )
Control \ 2 to 15 bar A
Panel
| { Low pressure Warm helium gas return
1.05 bar A
Liquefier Manual or control X
Cold Box
ALICE Pressure Cold helium gas return
STFC Daresbury Laboratory A control -
\ >
Heater Level control Liquid helium
flow
Helium dewar Cryogenic system
% 1.35 bar A Valve box 1.25 bar A
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PROCESS CONTROL
Compressor
Pressure — Gas buffer )
Control \ 2to 15 bar A
Panel
| { Low pressure Warm helium gas return
1.05 bar A
Liquefier Manual or control X
Cold Box
Diamond Light Source Ltd Pressure Cold helium gas return
A control -
Heater Level control Liquid helium
flow
Helium dewar Cryogenic system
% 1.35 bar A Valve box 1.25 bar A
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PROCESS CONTROL - LINDE VALVE BOX
"I""\-\._\_'::____%'L‘;
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PROCESS CONTROL

Process design by Scientific Magnetics
Ltd

Manufacture by A S Scientific Products
Ltd

Size dictated by the number of valves
Supported on stilts
Removable OVC

Images courtesy of:

Scientific Magnetics Ltd, UK
A S Scientific Products Ltd, UK

Customer

National High Magnetic Field
Laboratory, Tallahassee
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PROCESS CONTROL

Process design by Scientific Magnetics
Ltd

Manufacture by A S Scientific Products
Ltd

Size dictated by the number of valves
Supported on stilts
Removable OVC

Images courtesy of:

Scientific Magnetics Ltd, UK
A S Scientific Products Ltd, UK

Customer

National High Magnetic Field
Laboratory, Tallahassee
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PROCESS CONTROL

- e o f
Bl [l {F =k
i T L ) :
I é |1 [
| 5- ]
e -

Images courtesy of:

Scientific Magnetics Ltd, UK
A S Scientific Products Ltd, UK

Customer

National High Magnetic Field
Laboratory, Tallahassee
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TRANSFER LINES - JUSTIFICATION

Cryogen Air Conditions Heat Load

Uninsulated pipe Liquid helium Still air 700 W/m
Uninsulated pipe = Liquid helium Moving air 1500 W/m
Uninsulated pipe Liquid nitrogen Still air 60 W/m
Uninsulated pipe Liquid nitrogen Moving air 180 W/ m
Foam insulation Any n-a 20 W/m
Vacuum insulation Any n-a 1 W/m
Vacuum insulation Any n-a <01W/m
Multiflow
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Thermal Contractions

CONSTRUCTION DETAILS
‘ Vacuum jacket
=>Bellows sections

4 =Manufacture over-
length

Low
conductivity
spacer
Vacuum space
(Multilayer
superinsulation) Flow
pipe

Print date 14 Oct 2012
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Heat Load of 1 W/ m
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MULTIFLOW TRANSFER LINES
Cold helium Liquid
gas return helium
Liquid nitrogen
cooled screen
Liquid nitrogen
path
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MULTIFLOW TRANSFER LINES

Liquid helium flow

Helium gas return

Liquid nitrogen flow

Above: a vacuum insulated

6 tube design for carrying _
liquid helium, cold helium _ Right: a vacuum
gas and liquid nitrogen insulated 4 tube design,

typically for carrying
liquid helium and helium

gas return.
Images courtesy of Nexans
http://www.nexans.de
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MULTIFLOW TRANSFER LINES

6 Tube 4 Tube 2 Tube
Central flow path 0.02W/m 0.03W/m 1 W/m

Middle annular flow path 0.05W/m
Outer flow path 1.5 W/m 15 W/m
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CRYOGENIC VALVES

e

Handle or
actuator

Vacuum space
(Multilayer
superinsulation)

FA
7

[']

L]

Valve
plug

Flow

r

pipe
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WELDED TRANSFER LINE CONNECTION

Pump out port Vacuum space
(Multilayer superinsulation
Long thermal path length, and sorb pump)
thin wall, low heat load
/ | Flow pipe

(O
O

Welded joint sleeve ‘ |
‘ Flow pipe closing weld
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VACUUM INSULATED PIPELINE TECHNOLOGY

i

Typical 6 metre
pipe length

B,
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BAYONET COUPLINGS
Ambient temperature |
P Long path length,
-tight joint
gas-Hgntjom thin wall,
Low heat load
/_‘ Flow pipe
, I
4 | 0
%
Vacuum space (Multilayer
superinsulation)
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MB / 12811

MODULAR TRANFSER LINE SYSTEMS

it
5
) FUTURE EXPAMSION
Cption d tee's avalakle with
either capped bayonet or vacuum jacketed
liquid shut off vdve (az shown)

90" TURNS/BENDS Possible
during ingtdlation

BAYONET CONMNECTION
"ﬁ“ Alow for e agy field assarmbly
of pipe sections

MODUL AR TEE
(Bayonets dl sides)

i1
oy

S,
25 Sy
L
o
# FIXED TEE
// With StatiFtex™ drop and

gz trao with wdve
o
"\. \/ T,

PHASE SEPARATOR
(With capped outlets)

TAMK COMMECTION
(With Safety Relief Wave)

TRIAXIAL PIPE DROP
(lowy pressune, gravity feed)

LCL 2000

(Licuil nitragen injection unit) =
VACUUM INSUL ATED MANIFOLD "1' "
|

. . (With multipe outlets)
Stati Flex™ Piping System
(Typical Layout)

(1}
StatiFfex™ LN2 PIPE - Bendable nature

of Statiftex™ pipe simplifies instdlation
and minimizes joints

007 75 ME 05

Stafull™ DEVICE WITH VENT HEATER

StaFPnl™ (Ooticnd ) - Mounted at high point
of systerm. The StaFuii™ keeps the system
continuously vented & wetted
with licuid nitrogen

MULTI OUTLET (2-10) e 7

VBSFlex™
YWacuum insul ated flexide hose
for equipment connections

GAS TRAP - Reduces liquid losses at end
of line when licuid is not flowing

VBS INTERNATI ONAL

7455 CAMDEN AVE. CAMPEELL, CA 95008
08) 3713303 FAX @08)371- ‘3320
wnnrnrarbsinterratioralcom
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MULTIFLOW COUPLINGS

)H

|
~ | ~
!
!
I
i
= | =
Liquid helium ;
|
i
!
!
!
!
|
!
|
@
!
I
[
i
[
I
!
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|
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MULTIFLOW COUPLINGS

—A B
|
- i -
;@
,!
|
|
—a N —
Liquid helium i
|
|
. |
Cold helium gas return |
I
I
:@
I
'i
|
i
i
i
i
|
|
il >

VH
[
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MULTIFLOW COUPLINGS

Liquid helium
Cold helium gas return

Liquid nitrogen

MEDSI Shanghai 301-2 Superconducting RF Cavities.ppt

_f

4
—

Page 27 of 44

© Monroe Brothers Ltd 2012. Please do not reproduce without the permission of the author.

1

o

Print date 14 Oct 2012
Cryogenics for Synchrotrons



MONROE BROTHERS LTD
Cryogenics for Synchrotrons

Superconducting RF Cavities

MB / 12811

MULTIFLOW COUPLINGS

Liquid helium
Cold helium gas return

Liquid nitrogen
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MULTIFLOW COUPLINGS

Image courtesy of Culham Centre for Fusion Energy

= Metal gasket couplings

= Vacuum break

= Continuous radiation screen
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PRESSURE DROP

Pressure Voltage

Pressure drop Potential difference
Flow rate Current

Flow area Conductance

Pressure drop per unit length

A_P — iG_Z G= m G mass flow per unit area
AL 2 pd, A p  density
AP f 16 m? d, hydraulic diameter
E - E T p_dg f  friction coefficient
Size for steady state conditions & cooldown
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PRESSURE DROP - FRICTION COEFFICIENT

0.10 LT
002 3 JAa o HEE
0.08 AT el
B i ':r!r =
007 T x = 0.05
9’ R EEETEE 0.04
06 B == H 0.03
0.05 |+ 3 0.02
ey == 0015
£|5|n 004 |
a[=i8 0.01
I7s 0008 =
: : : :
g i = — 0.004 %“*
g ool L] i ' i
: : e o002 2
D e - s = M S E R — ue =
£ u.uz%-_ e e - b : 0001 &
: S i - o Y - S —fid 2 - 0.0008
T z e {T S S S M AR o 0.0005
* o TR ; -\-;.: “- il B - 1 G .. 5 0.0004
0.015 = : ey RRERC T THR— LT T
i Lot PRI T Vo ——| L0002
1 '%&--’_ ""'5.:__ i} AHARE
4= __ - et 0.0001
Y | AW 8 8 KIS A SRR SRR MU S A1 580 IR A R E AR, B e
: :.I.--: : e =1 - - = o g II by - . ﬂm.s
0.0 LT T - T T Pl e T L 0.00001
|ﬂ‘3 Illfl3r:' 4568 1D4 '3||l'_|*|3 4568 HJS erGISJJ 4568 |I:|6 2“”6]1 45 6% “}? Qlﬂ?ll 4568 ],DS
3 /0 = 00005
Reynolds number, Re = & &/0 = 000000 0 31 6 64
Fig. 6-4 Friction factors for pipes, from Ref. 5. f=m ( )

ReO.25 ’ Re
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PRESSURE DROP

Pressure Voltage

Pressure drop Potential difference
Flow rate Current

Flow area Conductance

Pressure drop per unit length

A_P — iG_Z G= m G mass flow per unit area
AL 2 pd, A p  density
AP f 16 m? d, hydraulic diameter
E - E T p_dg f  friction coefficient
Size for steady state conditions & cooldown
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PIPELINE SIZING

= Contingency add 10% on diameter
Equivalent to a 50% reduction in pressure drop

= Other pressure drops
— Section changes are minimised
— Bends
— Changes in height
Limit these so that they are less than the contingency
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TwO PHASE FLOW

Flow rate
Pressure
Vapour quality
Liquid density
Vapour density
Liquid flow rate
Vapour flow rate
Total flow rate
Vapour quality

MEDSI Shanghai 301-2 Superconducting RF Cavities.ppt
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1.0
10%
779
8.690
11.6
115.1
126.6
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g/s
bar G
by mass
kg / m?3
kg / m?
ccl/s
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TwO PHASE FLOW

Nitrogen Vapour Quality

100% -
90% -
80% -
70%
g —— 0.0barG
% 60% - '
>
5\ 50% - —— 20barG
=
T 40% - 5.0 bar G
g
30% - 10.0 bar G
20% -
% —— 15.0bar G
10% -
0% T T T T 1
0% 20% 40% 60% 80% 100%

Quality by Mass
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Designing a pipe to carry liquid;

Sizing a pipe to carry a volume.

The latter is strongly influenced
by the “waste” gas generated.
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TwO PHASE FLOW

10: II : mm :
j \\\ ~ Mist
N T Bubble i .
g a A = [(oc/pXor/0w)]
s I e | || | v = Guelduono1”
. p = : ' ‘ L = liquid mass flow rate per unit area, Ib,/hr-fi?
6 \::: \\ ' G' = vapor mass flow rate per unit area, Ib,/hr-fi*
< 4 P~ N pg = vapor density
S , \\ Slug | N ’ p1, = liquid density
N . ™ © p, = density of air = 1.20 ke/m® = 0.075 Ib,/ft
2 N N pw = density of water = 998 kg/m* = 62.3 Ib,/ft
\ N 1\ o, = surface tension
‘ \\ Plug N o, = water surface tension = 0.073 N/m
2 ™ ¢, = liquid viscosity
#y = water viscosity = 0.001 Pa-s = 1 centipoise
10210‘1 2 46 10 2 46 10 2 46 102 2 46 1020 2 4 s 10
ALy
G

Fig. 7.26. Two-phase flow pattern regions according to Baker (1954).

Use the Lockhart Martinelli method
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LOCKHART MARTINELLI - TWO PHASE FLOW PRESSURE DROP

Calculate the pressure Calculate the pressure

. .. DP . DP
drop as if the liquid DL drop as if the gas alone DL
. . . . \
alone occupied the pipe. ] occupied the pipe.
DP
X, = DPALL C Liquid Flow | Gas Flow
%)LV 5 Laminar Laminar
10 Turbulent Laminar
12 Laminar Turbulent
20 Turbulent | Turbulent © = VX2 +C-X, +1
Xtt
Two phase pressure drop DP  _ 2 .DP

DLw  DL.

Pipe size is often influenced by the cooldown conditions - single phase
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CONTROL VALVES

= Turndown: ratio of the full flow capacity to minimum flow

Ball control valve 8 Invensys Flowserve
Globe valve 20 Badger meter valve,
RMC

High quality globe valve 50 Weka cryogenic valve
Don’t oversize control valves!

= Size for extreme conditions
— min. flow, max. pressure drop, min. vapour quality
— max flow, min pressure drop, max vapour quality
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CONTROL VALVES

US Gallons of water 1 psi
m?3 / hr of water 1 bar

litres / min of water 1 bar
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CONTROL VALVES

= Flow rate for cooldown

= Range of control flow at cryogenic conditions

= Heat load in the supply line and the gas generated
= Variations in the supply pressure

= Variations in the downstream pressure

Liquid nitrogen systems

= Variations in the vapour pressure
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Superconducting RF Cavities

MB / 12811

CONTROL VALVES

100%

90%

80%

70%

60%

50%

Trim Capacity

40%

30%

20%

10%

0%

MEDSI Shanghai 301-2 Superconducting RF Cavities.ppt
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Valve Lift Flow Curve
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CRYOGENIC VALVES
Valve Trim Characteristics

= Low heat load

1.00
= Good turn down
0.80 -
= Multiple trims for a
given valve body g 0e0
g
= Customised trim for 0.40 -
cryogenic applications .
= Reliability 100 4 | | | |
0% 20% 40% 60% 80% 100%
Valve Lift
Weka AG, Switzerland
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RETURN LINE PRESSURE DROP
Compressor
Stable I
pressure and — . ( Gasbuffer
Control \ 2to 15 bar A
temperature Panel
| { Low pressure Warm helium gas return
1.05 bar A
' ' Manual or control
Cold Box ('E'glgeé's; X
~0.10 bar A
f
| }Z\ Pressure Cold helium gas return
Pressure control valve ——— || . «
~ b - " " .
0.08 bar A }g/ Level control Liquid helium
: flow
Return line Helium dewar Cryogenic system
~0.02 bar A 1.35 bar A —‘ Valve box 1.25 bar A
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Finish
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INTRODUCTION
= Introduction - Monroe Brothers Ltd
- Structure of the talk
= Principles of Refrigeration - Carnot efficiency
- Real Efficiency
- Costs
= Refrigeration Systems - Main components

- Cold Box operation

= Superconducting RF cavities - Cooling requirements
- Valve Box & transfer lines
- Control

= Other Cooling Requirements - Cryocoolers
- Economics versus practicalities
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LARGE SCALE REFRIGERATION SYSTEMS

Large Scale Helium Refrigeration Systems

1400 -
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; @
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©
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2 600 - g
[) q
[h'd q
V]
400 - % 1
200 - @ I
0 E “. T _\I T _\I T _\I
5 2 %) S s 8 O
= — — ~— N =
S © — © | 8
g £ g £
> = T
@)

Data from the internet

Liquefaction duties factored to estimate the Refrigeration power
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CRYOCOOLERS

= Cooling powers upto 1.5 Wat 4 kee [AS _
40 Wat 45 K ;

= Enabling technology
HTSC leads

= Zero Loss - cryostats with zero boil-off

= Dry Systems - no inventory of cryogens

Sumitomo SRDK-415D

Image courtesy of Sumitomo Heavy Industries
Cryogenics Group
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REFRIGERATION AT 4K ~1TW
100.0% -
7 ////////////?
»y
U ssss st
XK T O
Raer
10.0% - Al S @38&88 g | Wk
e’ N
__N0illy= é?) hoAdy A T Adc
A '\ Strobridge W////////////
© © o Air Liquide,.HeIia.\I Liqgefier / /
§ A 6 | < IE!nge t series II;{quu?ﬁert / TC /
o O 5 St oo oneeraer i
S 1.0% - o StrlAIR
<IC.) A Sumitomo GM
O o Sumitomo PT Single stage q T
[} o Sumitomo PT Tw o stage COP — C — C
N & Sumioro Sty W. T.-T
A Cryomech GM R H  'cC
@ Cryomech PT Single stage
® Cryomech PT Two stage
0.1% | | | ‘ ! | | —1 = We _ 67
1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 - -
COP Ideal CIC
Equivalent Refrigeration (Lowest temperature) Watts
1 W
—— =—R =5000
Strobridge Plot COPReal Q¢
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COSsTS
Cryocooler Helium Refrigerator Bulk Cryogens
TWto1.5W 500 W
Equipment $40kto $ 65k $2Mtod4 M
Operating costs $ 25k pa $ 700 k pa
Specific Costs
- equipment $ 50 k per W $5kperW
- refrigeration $ 15k pa per W $2kto$4kpaperW $ 100k to$ 200 k pa per W
Specific Costs
- equipment $20k perl/hr
- liquefaction $ 0.50 to $ 2.00 per litre $ 10 to $ 20 per litre

Design the cryostat to match the capacity of a cryocooler
Avoid the equipment cost of a Liquefier
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PRINCIPLES Notes
2
= Four steps Compression
Cooling
Expansion
Heating
= Regenerator
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PRINCIPLES

Compress
Step 1 Step 2 the gas Step 3 Step 4
Work W,
Warm gas Warm gas

exits the Reject enters the
regenerator heat Q, regenerator
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REGENERATOR - IDEAL PROPERTIES

= Perfect insulator along the length

= High thermal conductivity at the surface
= High thermal capacity

= Large surface area

= Low flow impedance
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SUBCOMPONENTS

= Compressor (air cooled or water cooled)
= Regenerator

= Displacer

= Coldhead
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CRYOCOOLER TYPES
Stirling Cycle Gifford McMahon Pulse Tube
Phase shift between Valves on the OrifiéeQRad of

the compressor and
the cold displacer

coldhead to
sequence the cold
displacer movement

cold displacer.
No cold moving parts.

= Efficient = Effective = Effective
= Reliable = Remote = Remote
= Low vibration compressor compressor
= Low vibration
= Compressor close | = Vibration = LRKIFR BIRORI0%e
to the coldhead coldhead
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TWO STAGE COOLER CAPACITY CURVES
Cryomech PT407

5.50
ow
5.00 20W
30W 37 W
. [\ 1.0W

4 4.50* \ /
o
5 —
© 0.7 W
8 4.00-
S —
) 05w
o
-Irg 3-50‘
n
-g \
§ 0.3 W
v 3,00

2.50‘ 0.0 W

2-00 T T T T T T T T 1

25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0 70.0
First Stage Temperature K
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TwWO STAGE COOLER CAPACITY CURVES
Cryomech PT407
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TWO STAGE COOLER CAPACITY CURVES
Cryomech PT407

ow
20 W
30W 37 W
\ /
© / 0.7 W
0.5w
- \
0.3wW
0.0wW
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TWO STAGE COOLER CAPACITY CURVES
Cryomech PT407

20 W
\ 30 W

37 W
\ [ / 1.0W
E 0.7 W
- 
N 0.3 W
0.0 W

23 W at48 Kand 0.65 W at4.2 K
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CRYOCOOLERS VERSUS HELIUM LIQUEFIERS

Cryocooler Liquefier
Equipment Cost Liquefier $ 40 k | Liquefier $ 1000k
Infrastructure Cryostat mounting $ 40 k
Dewar $ 50 k
Transfer lines $ 100 k
Valve Box $ 100 k
Infrastructure $ 200 k
TOTAL $ 80k $ 1500k
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ZERO LOSss AND CRYOGEN FREE

Zero Loss Cryogen inventory
Coldhead recondenses cryogens

Cryogen Free No cryogen inventory
Coldhead connects directly to the system
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ADVANTAGES OF CRYOCOOLERS

Zero Loss

= Independent of cryogen supply

Cryogen Free

= Reduced fabrication cost

= Reduced pressure vessel coding requirements
= Simplified pressure relief

So what is holding back the applications?
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TECHNICAL CHALLENGES

= Limited power

= Thermal links

= Point heat loads

= Magnet quenching

= Cryocooler maintenance & loss of performance

= Lack of countercooling

= HTSC leads

= Undercooling (? zero loss systems only)

= Vibration
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CRYOCOOLERS

= Cooling powersupto 1.5 Wat 4Ke
40 Wat4s5 K

= HTSC leads

= Cryostats with zero boil-off

= Systems with no inventory of cryogens

| .. l'-'-'i E-F N |
FYCE
5 o *

=
U9 .

BRE LS o Sumitomo SRDK-415D
= A F-5!'5 = Images courtesy of Sumitomo Heavy
g T o . Industries
.” .. Cryogenics Group
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CRYOCOOLERS

= Cooling powersupto 1.5 Wat 4
40 Wat4s5 K

= HTSC leads
= Cryostats with zero boil-off

= Systems with no inventory of cryogens

Cryomech PT410
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CRYOCOOLERS FOR HTS

= Useful cooling CRYOMECH

between from Single Stage Gifford-McMahon Cycle Cryocooler Performance Curves
20 K upwards //
= Cryomech /
= Dry systems s
or - o
ZerO LOSS E’ //:;;'ﬂ AL330
(Wet SyStemS) {%200 // //,.»"’ / P / AL200
. / x P e f‘; AL230 —
= Other supplier: e
- / e L —— ALG3
| (AT

o 10 20 30 40 50 60 7 80 90 100
Temperature (K)
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Cryocoolers

MB / 12811

CRYOGENS, CRYOOLERS & HTS APPLICATIONS

Cryogen coolant:
Easier to design and
build than a dry system

Useful working temperature of
the currently available HTS:

= Above 20K
Ccryocoolers are providing
useful cooling powers;

= Below 60 K
Warmer than this, the
useful performance of
HTS’s is disappearing.
Unfortunately
nature has not given us
a working cryogen
between

10.00 ~

1.00

Pressure bar A

0.10 ~

40 K and
MEDSI Shanghai 301-3 Cryocoolers.ppt
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WIGGLER MAGNET

= Four two stage cryocoolers
2 radiation screens

Recondensing helium

=>3Wat4.2K

Image courtesy of Diamond Light Source Ltd

MEDSI Shanghai 301-3 Cryocoolers.ppt Page 25 of 33 Print date 14 Oct 2012

© Monroe Brothers Ltd 2012. Please do not reproduce without the permission of the author. Cryogenics for Synchrotrons



~_
MONROE BROTHERS LTD 33E
Cryogenics for Synchrotrons  Cryocoolers MB / 12811

WIGGLER MAGNET

Cryocooler Design
Principle:

Go for broke!

If the heat loads exceed
the cryocooler capacity then
remedial work is VERY
difficult.

The design has to minimise
the heat loads without
countercooling

Image courtesy of Diamond Light Source Ltd
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COSsTS
| Wiggler Magnet
Heat load 3W
Evaporation rate 4300cc/h
Bulk liquid helium $7.50
/0 $ 280 000 pa
Cryocoolers $ 180 000
Electricity 26 kW
Electricity $ 41 000 pa
Maintenance $ 46 000 pa
Total $ 90 000 pa
Refrigerator | Transfer lines $ 200 000
Electricity
Electricity 1
Maintenance '
Total $ 50 000 pa
| Cryocoolers (Refrigerator)
|
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TECHNOLOGY
O% Isolation
Level
2 000 | dewar control
Wiggle
Labyrinth
Level control
Wiggle
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TECHNOLOGY

O% Isolation

2 000 | dewar

Level
control

Labyrinth

—g gk

Compressor
suction

Batch Filling

Liquid nitrogen shield
minimises the
quantity of liquid
Wiggle helium for the
cooldown

Gas monitoring
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TECHNOLOGY
O% Isolation

Level

2 000 | dewar control

Labyrinth

—g gk

Compressor
suction

Gas monitoring
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COST EVALUATION

Transfer lines from a liquefier or dewar batch filled from the
liquefier _ _ _
Transfer lines to Liquefier Cryocoolers
Transfer lines 100 m $ 150 k
Other equipment $ 50k
Total Equipment $ 200 k $ 180 k
Cost
Running Costs
Helium consumption 4 litres / hr at $ 1.50 per litre $50k pa
Cryocoolers Electricity, maintenance, $90k pa
water

Other Considerations
=Real marginal cost of liquid helium

=>Convenience of factory test, site test commissioning a unit with cryocoolers
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INTRODUCTION
= Introduction - Monroe Brothers Ltd
- Structure of the talk
= Principles of Refrigeration - Carnot efficiency
- Real Efficiency
- Costs
= Refrigeration Systems - Main components

- Cold Box operation

= Superconducting RF cavities - Cooling requirements
- Valve Box & transfer lines
- Control

= Qther Cooling Requirements - Cryocoolers
- Economics versus practicalities
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Finish
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